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Introduction

The present report covers ~~rk perfoz~~d under Grant AFtER-76-2886

concerning a series of investigations on pulsed superconducting inductive

energy storage systen~.

The general purpose of these studies was to establish guidelines to be

used in the design of pulsed energy sources repetitive or for single bursts

of energy. In nest applications encountered the load is highly inductive.

Now, it is well. icnown~ 
1) that capacitive storage systen~ are not econcinic

once the energy to be stored exceeds the 100 kilojoules level. A capacitive

systen is inherently a high voltage systen. Consequently, all its ca~ onents

are costly since they are designed to operate under sustained conditions of

high voltage.

Inductive storage system, on the other hand, are “charged” at low

voltage. The high voltage does appear, but only at the time of energy

delivery. Then, it is cai~arable in n~gnitude to the voltage of a capacitive

systen of appropriate size. Another advantage of inductive systen is their

cc.ipactness. The cost estin~.ted in tern~ of dollars per joule as stated

above is nore advantageous once the 100 kilojoule level is exceeded.

The disadvantages of inductive systats are the obnic losses associated

with the storage . These losses are high enough that it has instigated, the

develoçsent of superconducting inductors which, of course , are free of

otinic losses. In n~ny instances, the added cost of the cryogenic instal la-

tion Is out-weighed by the overall econanic gain obtained when using a
Approved for public relea~eI
ttatributioz, wil l7t8 12 0 4 • u4 6
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superconducting systen. Other disadvantages associated with such systei~
are the relatively poor state of the art of superconducting switches and

of superconduct ing pc~~ r supplies needed to “charge” the inductors. Final-
ly, a serious disadvantage of the inductive storage is its inefficiency

in energy transfer when the “load” is induct ive.

In the series of investigations which have been performed at CW!~J ,

several of the objections encountered above have been successfully resolved .

In the first part of this report the general theory of energy transfer fran

an inductive systen is discussed. In the second part , specific suggestions

of inproving the transfer are outlined . The experimental verifications of

these concepts by Chung and lklland are included in parts III and IV. In

the last part of the report suggested inprovenents in the design of inductive

systen~ are described.

Ref. 1 - Carruthers, R. , “The Storage and Transfer of ~ iergy” , High MagneticFields, ed. by Ko]jn, The MIT Press, pp. 307, 1962.
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PAR~~I

GENERAL ThEXEY (P PNEB3Y ‘ffiANSFTh

I .1 Governing Relations for Transfer

The mechanlen of energy transfer of the magnetic energy stored in an

inductor to another Inductor can be described in the nost general manner

and fran first principles by means of Maxwell equations.

The starting point of the argui~nts are Anp~re ‘s relation

V x H = J  (1)

and Faraday’s relation for a rroving conductor

aB
V x ( E + vx B ) = - -~~ (2)

The term corresponding to the displacenent current has been omit ted from

(1) for the purpose of de-eTphasizing the Inportance of the electric energy

stored by caiparison to the magnetic energy stored. Stated In a different

way we can state that the displacenent current ccnpared to the conduction

current is of the order (v/c)2 , the square of the ratio of the mechanical

velocity of the conductor to the velocity of light . By invoking the

constitutive relations

(3)

manipulation of the t~~ equations (1) and (2) leads to

(4)

The above expression is well known and appears in several classic textbooks.

It actually states that the rate of change of the magnetic energy associated

1

_ _  —~~~~~~~~~ . .-- -~ ~~~-~~~~~~~~~ ,~~~—,~~~~~~-m -  . -~~~~~~~~~~~~~~
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with the noving conductor is equal to the electric pcMer supplied fran the

battery , to the rate of the mechanical ~~ri~ performed on the conductor and

to the power radiated fran the ca~ductor .

If one integrates over all space , it is readily found that

~ 5 (~~—~)dt = 5 E~Jth + f(!~ x B)dr

+ J(E x H)•da (5)

The above equation (5) is now applied to the case of a superconducting

inductor and to the situation corresponding to an inpulsive transfer of

energy fran inductors .

The first integral on the right hand size viz., 5 E~Jth = 0 everywhere.

This is because J ~ 0 only in the vohune enclosing the conductor . Conse-

quently the vohue of integration becanes the ‘voliane of the conductor . But

In the conductor E = 0 , hence the integral vanishes as stated above.

i~~~~ last integral on the right hand side is related to the energy radiated

fran the inductor . Now the surface of integration corresponds to the surface

of the conductor plus the surface of a sphere of infinite extent . The contribo-

tion fran the large sphere is zero since E ~ , H ~ and the integrand

goes like .
~ which tends to zero as r beocines infinitely large. The value

of the surface integral evaluated over the conductor usually vanishes since

E = 0 except for the time when the circuit is opened to initiate the transfer

of energy.

~~~~~ . 
(5) turns out to a very useful expression because it allows one to

discuss ntist of the cases associated with the transfer of energy fran a
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superconducting inductor. To illustrate the generality of this expression

we consider a ni.rber of typical cases .

Case I No Mechanical 1~btIon Takes Place

When the conductor ck,es not nove one is dealing with the classic situation

where a “charged” inductor L1 delivers part of its stored energy to another

inductor 1.2 . It is clear for this particular case that Eq. (5) reduces to

a B 2
. ( f — dt) = f ( E x H)~da (6)

or

5 ~~~dr~ = I dt f (E x H) .dcr (7)

The change in the magnetic energy is thus equal to the total energy that has

escaped fran the system in the form of radiation . To fix the ideas let us

assume that L1 = . This then inplies that after the ener gy transfer the

current in each inductor will be one half the initial value of the current in

L1 . Fran similarity arg~znents it follows that the magnetic field is halved

also . This means that at t = , the magnetic energy stored in the system j
becomes:

t d + ~~ — l r B2 
d (8)

~ coil 1 ~ coil 2 ~~~~~ dt — 2(~ ~ ~~
— t )

indicating that half the energy has been dissipated.

Case II The Coil Moves Inpulsively, But the Circuit is Not Interrupted

In this case , the last term of Eq. (5) vanishes since the Poynting vector

Is zero at all times. An inportant property of this circuit is that the change

of magnetic energy goes into mechanical energy. Because the system has
• i become reversible it behaves like an adiabatic system fran a thermodynamic

point of view. The proof of this assertion is easy to de~~nstrate. Indeed

_______________________________________________________________________________ •—~~~~~~ ~~~~—- - —— -~~~ ———  -~~ - •
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if we write

J x B = m v  (9)

The nodif led equation becomes

or 

~~ dr = .

~~ 

(10)

dt = f( L)dt (10) ’

which oczipletes the proof . It is clear that V could stand equally well

for an angular velocity without loss of generalit y.

A corollary to the above conclusions is that from the well known work

on electra nechanica l analo gies one can visualize v as equivalent to the charg e

on a capacitor so that the results obtained above are that energy is transferred

fran kinetic to potential form without any losses.

1.2 Basic Rules for Transfer

The transfer of the magnetic energy stored fran an inductor to a purely

resistive load does not pose any fundamental difficulties since all the ener gy

stored can be utilized.

On the other hand , the transfer of the magnetic energy fran one inductor

into another can be a dissipative process as was shown in the previous section .

The discussion of the same section points to the following basic rules

1) Inductors discharg ing directly into inductors will lead

• to an ener gy loss.

2) The addition of condensers to the circu it makes the

transfer lossless.

_ _ _ _ _ _ _ _  _ _ _  _ _ _ _  _ _
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• 3) The provision of an electr omechanical converter which is

known to be equivalent to a capacitive system also leads

to a lossless trans fer of energy .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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PAIif II

IMN~MD MFIU]) OF ENEF~ Y ‘IRANSFER

11.1 Pure Induct ‘~ve System

The efficiency for the transfer of energy for the purely inductive

system discussed in Case 1 of I .1 is obviously related to a geanetrical

factor . An equivalent statement is that it is a fun ction of the rat io of

Ll/L~2.

To study the generality of this effect one considers the case of the

energy being stored in nore than one inductor. Actually when a series/parallel

combination is used it becomes apparent that an advantageous arrangement is

that of the electrai~gnetic dual of the Marx generator . In this scheme , the

inductors are “charged” in series and subsequently “discharged” in parallel .

The theory for this scheme was first reported in 1977. (2) The detai ls of the

proof is covered at length in Part Ill of this report .

The essential conclusion that is reached is that the transfer efficiency

is inproved fran the 25% value for two equal inductor to 33% with the present

scheme.

11.2 The L,-C System

It was seen in the previous section that the addition to the system of

another degree of free&xn (either through electrcuechanical conversion or

through capacitors ) makes the system reversible and hence lossless.

The disadvantage In adding a capacitive system , however, is that the

condensers nost be able to handle all the energy stored in the inductors .

6 
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Under these conditions th~ ~ost of the system is unduly increased

An alternative approach to the slirp le addition of capacitance to the

system is to examine various pulse shaping circuits made up of lossless

ccvponents ( inductors and capacitances). Although the use of pulse shaping

circuits does not alter the condition that all the condensers eventual ly

have to handle a major fraction of the energy stored there is the definite

inprovement of preventing the current fran oscillating (hence no current

reversal ) and consequent ly inproving the efficiency of transfer by minimizing

the miamatch between the storage system. The general theory of pulse shaping

is given in Section 11.3 of this part while a specific configurat ion is

discussed in details in Part IV.

11.3 Pulse-Shaping Circuit
s

11.3.1 Introduction

Of concern is pulse managen~ nt and control in dynamic systelE. Normally ,

unless special condit ions are met , the pulse response of a dynamic system shall

have tails or asynptotes that stretch out to infinity . A transducer may keep

vibrating long after the original excitation. An antenna nay stretch the trans-

mitted signal. A stepping notor may continue to vibrate for extended periods

of t ime. A camunication channel nay cause signals to overlap. Similarly, a

filter in the path of a signal, nay serve well to scrub the signal off its noise,

but a long tail is also added.

Gerst and Dianond posed this problem in Reference 3. They also suggested

*Thj s section contributed by D. Hazony was presented at a Conference in
honor of Prof . R. J. Thaff in at Carnegie—Mellon Univ., July 10-14,1978. The
proceedings of the conference will appear soon in a book form.

L. 
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several solutions. Phiiipp Dines and the author cofltinued the work and showed

that it is also possible to control sane aspects ~f the output.

These works are reviewed in this paper . Moreover, It will be seen that

a nu~ber of degrees of freedom nay be added which need be no larger than the

degree of the network plus one.

11.3.2 The Finite Laplace Transform

Consider a dynamic system where the input is e1 (t) , the output is

e0(t) and they have the Laplace Transform s and E2 governed by the

relationship

E1 = t 21 E2 (1)

where t21 (s) repres ents the transfer function of an ini tially re1a~-~ 1

dynamic system .

The problem is reduced to that of ob taining an input e, such that

the output is confined to the interval O ,T . This defines a Lapla ce

transfo rm :

T
= f e~(t ) e 5t dt (2)

which is denoted as a finite Laplace transform.

The follow ing are examples of finite Laplace transforms :

(1 - exp - s) l - e x p  - s l - e ~p - (s~fl (3)
s2 + 1 s~~~l

Note that these functions have their pole s cancelled by zeros of the

numerators . Hence they are entire functions. It has been proved by Gerst

and Diamond [1] that:

Theorem 1: If P1 and D are polynomial s in s with the P 1 s of

l ower degree than D , and If the a ’s are non negative rea t numbers ,

then :
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k
G( s)  = 

~ ~ 
exp(-a .s) (4)

1=1 1

is a finite Laplace transform of length a(= max a 1 ) if , and only if , it

is entire .

In what fol l ows we shall  ins i s t  that both and E 2 sha l l  sa t is f y

the conditions of Theorem 1.
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H . 3.3 ~~anp1es

The basic procedure will be illust rated by the fol lowing example.

It will also serve to bring out some special feature s of interest. Con-

sider the Low-Pass filter shown In Fig. 1.

F igure 1. Low Pass Filter

The voltage transfer function of this filter is:

2 2 
_ _ _

21 
- - 

5 2 + 2 5 + 2  
- T~~T~ Ts ’ l  - j~

One possible input would have the Laplace transform :

1 -ex p( -as-a) (6s +  1

provided of course that the numerator is zero at (s+ l+j ) 0 which are

the zeros of the denominator. This restricts amin to be 2~

This example is suggested by Gerst and Diamond . To remove this last

restric tion on the Interval ‘a ’ they suggested the following :

(l-ex p -~~s) (l-ex p~~~ (s+l+ j))(1-exp -~ (s+l- j))
— —— (7)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~J~~ T _ ± ~~~
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The first term (l -exp -~ s)/s is inserted to make the input piecewise

constant. The other terms are zero at (s+ l + j ) = 0 . Gerst and

Diamond call their method zero insertion. Note that ‘a ’ is arbitrary and

can be very small. The fact that ‘a ’ is arbitrary permits optimization

schemes . These can be carried out in respect to efficiency , shape , or

output energy .

_ _ _ _ _ _ _ _ _  -- -—
~~~
-

~~~
-

~~~~~~~~~ ~~~~~~~
- - —-—

~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .



____ — - — —~~~~~-

12

11.3.4 Develo~inent for t~ gree 2

Applying the above technique to the filter:

t21 (a~ + 82 )/ [ ( s  + ~ )2 + 82] , (8)

Gers t and Diamond determined the following input-out put pair where T is

the pulse duration ;
Ts f ~~~+cz..j8)\f

Ei ( s) = ~~~~~~~~~~~~~~~ 
_
~

_
~
j ,

(9)
i ..I~ \I .. U~±~-iB) ~, s+ cx +j~J

E ( s) = j~~2 + J ~~~ ) . .~~~~~~3j .~1..e  ~

s[ (s +cz ) 2 + ~2)

Let u(t-t0) = 1 for (t > t 0 ) and zero elsewhere . The fol lowing is the

time respon se of the above

2~Tc~
e1 (t) = u (t)_ (l+2e 

3 cos ~~)u (t_ ~ .)+ 
(e
T+2e T cos i~)

2To
u(t-~~ ) - e 3 u(t-T)

Tcz 2Itx Ta
e0(t) r (t)- (i+2e

T cos ~~)r(t-~~)+ (e~~
T+2e T cos ~~~~

2Ta
r ( t - ç ) - e 3 r (t-T )

where

* 
. r( t ) (Q 2 + 8 2) ½ 

e~~t cos ( 8t - tan~~ ~.)) u( t ) . (10)

_ _ _  _ _ _ _ _ _ _  

I

_ _ _ _ _ _ _ _ _ _ _  ~~~ ~~~~~~~~~~~~~~~~~~~
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Thus the method has one arbitrary constant. It is piec ewise constant

with three equal steps . The fol l owing input function was suggested in

Reference 4.

N 1/s (11)

N 1 = 1 - exp(- a(s+a)/8)+ expi - b (s+a)/B)

where a and b are roots of:

= cosx - e ~p (.-xu/s~ constant (12)

• Setting s = 0 , or -a ~ jB gives N 1 = 0 . A typical input -out put plots

(for a = = 1)  are shown in Fig .  2.

PtLSL ~J~AT1O~ • S.D
1.? - 

.1(t)

:/~~~~~~~~~~

t)

TI~ ( sic )

Fl9ure 2

_ _ _ _ _ _ _ _  - _ _ _ _ _ _  
±~~ _~~ -



-~~~~~-—--~~~~~~~~ ~~~~ • -  - -

14

A study of f (Eq. 12) shows that it is mu ltiva lued for x

Hence the resulting minimum pulse l ength is larger than ii . The following

function (N1 in Eq. 13) has no length limit. Moreover it has three

degrees of freedom . The function will be derived in Section 6.

Thus :

E 1 = P4 1/s (13)

N 1 = l + A  exç(-a(s +a )/s)+ B ex~ -b(s + a)/ 8)+ C exp( - c ( s+ a ) / 8 J

AD = sin(a-c) + sinc exp-ba/8 - sinb exp-ca/8

BD = sin(c-a) + sina exp-ca/~ - sinc exp-aa/B

CD = sin(a-b) +sinb exp -aa/8-sina exp-ba/8

D = sin(a-c) exp -bu /8+ sin(c -b) exp -aa /B+sin(b -a) exp-ca/B

This function (N1 ) is zero at the origin and s = —~ + j~ . The brea k

points , a , b , an d c , are perfectly arbitrary .
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11.3.5 The Bipolar Case

A bipolar pulse is relatively easy to produce either by swi tching or by

hard amplification. In what fol l ows it will be shown that it is possible

to obtain a time limiting bi polar pulse for the degree 2 network .

Without loss in generality let a = ~ 1 and let c = ~ in Eq. 13.

This gives

N 1 = 1 - C 1 ex p— as + c2 exp-bs — c3 exp-it s (14)

C4C1 = sinb( 1 + exp-,v ) exp-a

C4C2 = sina( l + exp- rr ) exp-b

C4C3 = (sin(a-b) + sinb exp -a - sina exp -b) exp-~

C4 = sin(b-a) exp-~ + sinb exp-a - sina exp -b

This function s impl i f i e s  consid erably when

sina expa = 5 m b  expb ( 1 5 )

Accordingly:

N = 1 - C (exp-as - exp-bs ) - exp-i~s• 1 1 ( 1 6 )
exp-a

A plot of sinx expx vs x (Eq.  15) is shown in Fig .  3.

When K -. 0 the coefficients a and b approach 0 and i~

respectively. Then C1 (Eq . 16) approaches unity . On the other hand

when b—a approaches zero (near x = 3i~/4 ~ ma kes C 1 approach

in finity . It follows that C1 may assume any value 1 C1

•

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -- - —--“
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K

4 I
I I

2 I I

I I

t ‘I -.1 _ _ ——— -I

• a a , 3 4
Figure 3. sin~i ex px v s. x

Making C1 = 2 gives :

N 1
= 

~~~

— = 
~~ (1 - 2 exp-as + 2 exp -bs - exp-i~s) (17)

representing the bi polar pulse .

A computer plot of output signals correspond i ng to Eqs. 9 and 17 is

shown In Fig. 4. It is seen that the response to the bipolar input is

significantly higher. 

~-- • - - •~~- - ~~~~— ----- - -— - --- - - -—--
~~~~

•-- -— ----- 
~~- - -~~---- - - - - 4
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(I 1.1)
- ____• • -

~~~~~

- ~~~~~~~~~~~~ —- —--- —

____—

(‘7)

3 . . .  ---— I —-- - • —  _ _ _ _  _ _ _ _- — --— _____

(~J (1 7) 

1 2  3 4 5
(a 1)

Figure 4. Outputs  Corr esponding to Eqs. 9 and 17. The

corresponding inputs are shown wi th 10:1 scale. The energy deliver ed to

the resistor (Fig. 1) is about double for the bipolar input.

- i

~~~—- —~~~~—-~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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11.3.6 The Main Theoran

Given an RLC network of degree n . Then it is possible to find a

stepwise constant pulse, with n+1 steps of arbitrary lengths, which will

evoke a time limited network response.

The proof is an induction . It will be shown that new poles can be

cancelled by the introduction of new steps. Let in Eq. 11 be written

as:

Fab = 1 - sin~b-~T 
exp-a(s+a)/B + - -

~~
-
~
-y exp-b(s +a)/~

(18)

Fbc = 1 - 

~~~~~~~~~~ 
ex p-b(s+a)/8 + 

~~~~~
-
~~

-
~y 

exp-c(s +a)/ B

Clearly both Fab and Fbc are zero at (s+ a+jB) = 0 . Let F (0) denote

F(s ) Is = o  . Then the follow i ng func tion , Fabc

- 
F b FbcF b 

- Fab~(~
•)• - 19

is zero at s = 0 , and —a + j B . In fact N 1 (Eq. 14) is the same as

F
abC

/Fabc (~~) . It follows that this process will generate a zero for any

additional real pole of the network . To generate an additio nal complex

pole , say at s
0 , 

proceed in two steps:

Let U = Re F(s) , V ’  lm F(s) , and

= 
Ubc Fab 

- Uab Fbc G 
Ucd Fbc - U bC Fcd 20• Gabc Ubc V ab 

- Uab V bc 
‘ bcd 

~~~~~~~ 
- Ubc V cd

L
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• Thus both Gabc and Gbcd are zero at s -a + j~ and are equal to

j at S S0 
. Therefore

G - G
Fabcd 

= 

~~
-- ---_-

~~~~~ç y  (21 )

is zero at s = -a + jE as well as s0 , and . Moreover to produce a

zero at the origin we add one more point:

Fb d ( O) F b d  
- F b d (O) _ F b dFa bcde YFabCd ( cbCd (O) 

~~~~~~~~~~~

S i m i l a r l y ,  any number of zeros would be generated.  Th i s  completes the

• proof.
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IWflmJC’rI~~

Since the advent of high field superoonductors , inductive energy

storage has becane attractive not only as a load levelling method in

electric utility systcJ 1) bit as a pulsed power source for lasers

and electron beam sou roes~~ and for controlled theormonuclear fusion

reactors. (3) As a pulsed power source , it has been shown that an in-

duct lye energy storage systan has advantages in size and cost over

a capacitive storage when the stored energy exceeds around l0~
jc*i1es.~

4
~’ (5)

In order to transfer energy fran the storage inductor to a load,

there has to be sane interface circuit, which determines the energy

transfer efficiency of the systen. A survey by Kcn~rek~
6

~ illustrates

several possible transfer circuits, their maxlsivm efficiency obtaina-

ble, and the design limits of each schane. It is well known that the

am plest transfer circuit ocnposed of shunt and series switches only

has an efficiency of maxinnzn 25% for a matched load, and to upgrade

the efficiency it is necessary to include a reactive elanent in the

form of a capacitor or a nxitual inductance. This in turn increases

the total cost of the storage systan , since equally high rating

oaT~)onents are required.

the of the major problans in inductive energy storage is en~~in-

tered in the technolog ical limitation of the switches for the transfer

1

_ _ _  _ _ _  _ _  _ _  _ _ _
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circuits. Different types of the current breakers have been used at

different t ime scales~
7
~ , and a great deal of effort is being expended

to meet the requirenents for each applicatIon .~
8
~

The main concern of this wrk  has been a feasibility study on a

superconducting SKRAM generator , which produces a high current out of

the magnetic energy stored in many inductors. This is an electro-

magnetic dual of the Marx generator, in the sense that a niznber of in-.

ductors are charged first in a series connection and then all are

switched into a parallel circuit to produce a high current in a load.

(The name SKRAM generator is derived fran Marx generator by reversing

the order of the letters of Marx (or Marks). The main features of

this generator are:

1) An Inproved efficiency over the sinple transfer schane

without a reactive elanent.

2) Less stringent requiranents on the switches, and

3) Shorter discharge time constant.

Although several methods have been w rked out to minimize the

heat loss due to feed current leads to the superconducting mag-

nets , (9), ~~~~ it is preferable to avoid the use of current leads to

the liquid He dewar if it can be done. For this reason , current is

generated within the liquid He bath by a device, so called , f lux PUTIp ,

on which an extensive review was done by the gr~ip at Leiden . (11)

= Flux px~ps can be classified into t~~ categories according to the mode

of operation. 

- — -- . -~~~~~~~~~~~~~ --_
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1) Flux piz~ps arploying discrete superconduct ing switches. (12-15)

2) Flux jxrps enploying flux spots transported through super-

conducting sheets by 1ig1~it tiewis’~ 
16) or by moving magnetic

fields. (17—21)

The generation of current flux j~rps invariably accaipanies

heat dissipation , and a qualitative cxiiparison on the efficiency of the

various types of flux ptsnps was made by Ne use.~~~~ ~~ ng those in

the last category, the flux p~jnp of a rotating-magnet type is one of

the most popular and widely used . Although several mathaz~ tica 1

for~milat Ions have been made on the operational characteristics of the

similar types of the flux pui~’s~
23
~
25
~ and an appreciable amount of

aipirical informat ions has been obtained on the anf due to the flux

motion in a superconducting sheet~~~~, an exact theoretical under-

standing is not achieved yet. There still exist many unsolved prob1ai~

associated with the moving nox~~l spot in the superconducting sheet

and rather an intuitive approach has been used in the design of flux
(27 )pLmp.

Chapter II is devoted to the general considerat ions and the

transient analysis of the SCRAM generator. In Chapter III , the design

and construction details of the flux juip are discussed . The experi-

mental apparatus and the measurenents are described in Chapter IV and

the sunmary is included in Chapter V.

- ~~~~~~ —-- —- - - ~~- - -~~~~~~~~~ -



Q!AV~ER II

S1~AM GEN~~A~~

1. General Considerat ions

A superconducting SKRAM generator , shown scbaiEtically in FIg. 1

consists of n storage inductors, superconducting switches and a flux

puup. L1
’s are storage inductors , and L~ is a load inductor . The

method of operation is as follows.

1) The switches S1’ s are kept open , while switches S’s are

closed. This interconnections put all the inductors in

series.

2) The series of inductors Is charged by the flux puip, and a

persistent current I~ is made to circulate around the

circuit.

3) The switches S1
1s are now closed , and then S’s are open .

This converts all the storage Inductors into parallel

conf iguration , and the final current I
~ 

is induced in the

load.

The relation between the initial current I~ and the final

current I
~ 

in the load inductor is obtained fran the condition of

f lux conservation in the main loop t (Fig. 1) as

I~ (I .~+ L1/n) — ~~~~~~ L~~) (1)

• Therefore, the current ~~plification A is found to be

4
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Fig. 1 A Schemtic Representation of a
&zperconducting S~G~AM Generator. 
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I
~ 

l + L 1/12 (2)
‘~ 

l + Li/n12

(ki the other hand , the energy transfer efficiency of the systan is

given by
2~~ 2 

_ _ __ _ _ _ _ _ _  — 
— (3)

I~ (L2+ n L l) 1+flL ]/L~

The functional dependence of A and n on the ni.m~ber of

Inductors for different values of is shown in Figs. 2 and 3

When many inductors are aiployed and L1/L~4 > 1 , the current anplif i-

• cation approaches its maxinun attainable value A~, = l+Li/12 
. The

highest maxinun transfer efficiency of 33% occurs when L1/L2 = 3

and n 5 . As L ~~~ increases, the maxinum efficiency drops and

finally reaches to the lowest maxinun efficiency of 25% . This is

readily seen by reducing Eq. (3) under the condition L 1/12 >> 1 .

That is,

1
2 (4)

IU.2 (1+L.1/n12)

and when n = L 1/12, n has a nmxinun of 25%

Tb better understand the systan perfonnance in detail , t~~ other

parwieters are introcbced as follows.

W - W
1) Loes factor f T 

~~ (5)
W
j

W _ W
f2) Residue factor fRE ___

~~~
_&_ 

, (6)

_ _ _ _ _  _____________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where Wj (f)  - the initial (final ) energy of the systen

and W&f the final energy in the load.

The loss factor determines the percentage of the energy loss

during switching, and the residue factor is the percentage of the
energy renam ing in the storage inductors . Then fran the relat ion of
Eq. (1), and the definitions (5) and (6), 

~L 
and are obtained as

(7)
( l+L1/n 12)(l+nL1/12)

(1+Li/12)
2

and f = 1 - — ( 8)R (l+nL~/ 12)(l+L1/n12)2

Eqs. (7) and (8) are plotted as functions of n for different

values of Li/12 in Figs. 4 and 5, respectively. It Is seen that the
t~~ factors have caanutat ive effects on the efficiency such that 1R
has a ckxninant effect for enall value of n , while &,es for
large value of n . For a ~na11 initial current in the load inductor ,

the following relation between n , and holds .

n + f L+fR~~
l (9)

For a large value of n , most of the energy of the systen is
lost through the po~~r dissipation In the switches and is not recov-
erable. If the systen returns to the charging configuration , ( 1_f

L)2

of the initial energy is recoverable.I
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2. TransIent Analysis —

The transient condition of the SKRAM generator is analyzed in

detail for the following conditions.

1) Punping of magnetic flux into the storage inductors occurs

stepwise. This is generally true when the generator is

charged by a flux punp.

2) The switches have a finite resistance in open condition .

When superconducting switches are enployed, the resistance

of the switches at normal state may not be high enough to

allow the systen a fast response.

3) For the simplicity of analysis , it is asstiried that n = 3

and Li/12= 3.

The analysis is carried out based on the circuit diagrama of

Fig. 6 (a) and (b). The flux puip is represented as a switch, which

introduces magnetic flux 4’ into the circuit at t ime t = 0 in (a) ,

the charging period . In dischargin g period (b) , it is short-circuited .

The currents with alphabetical subscript s refer to the real currents

in the inductors. As shown in Appendix I , the current through each

inductor and switch in charging and discharging period is obtained as

follows . Here T stands for the t ime constant L1/R

A. (barging Period

In the conplex frequency danain the currents are given by

L - - -~~~~
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(a)

I I4(fy~~~~4c

(
~~Im

(b)

FIg. 6 CIrcuit Diagrans of a SKRAM Generator.
(a) 1~irthg the (barging Period and
(b) IX~ring the Discharging Period.
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2 3  1

1L — 
~l 

= t~ ~ 
2~ ~ + 

(10)

‘a = I l
_ 
‘2 = Il (11)

~ I3~•• 14 = 

~~~
-
~ I— ~j• 

(12)
2r

s~ ~~~~ 
(13)

• ‘R = ’2~~~~~~~’1 
(14)

In the time danain

L = (l+8.9e ~ ~~ 

: 
~~~~~~~~ 

(15)

= 

~~~ 
= (l—l.2e ~ + 0.25e 

•
~ — 0Ø5~~~t /T

) (16 )

3 , 
( 1—0.5 

~~~ ~~ 

: 

0.6 t 
0~~~—t/2t ) (17)

— ( b e  ~ —0.l5e ~~ 4()05~~t/t ) . (18)

Eqs . (15) - (18) are plotted In Fig. 7 with t as a parameter.

It is seen that for r = 0.5 sec. and a ptmping speed of 20$ per sec. .

the current in the storage inductors reaches appr~ clinately 6(~ of Its

peak value just before the next stroke of flux piviping. In other

~~rds, if the t lins constant is not short enough conpared to the

_ _ _ _  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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10
h I p

9 I~ caying Q~rves = Qirrent in a Load
Rising Qirves = Qirrent in Storage

Inductors8 1c

7

t=lsec 

~~~~~ 

_________________________

0.05 0.1 0.5 lsec

2

t=0. ô
1

• I I

0.05 0.1 0.5 1 sec

Fig . 7 Charging Charact4ristics of SKRAM Generator for Different
values of t = ~~

-. . Curves in the Insert Show currents
in the Switches. I~, refers to the steady state current

Induced in the Inductors at each stroke of flux ptrping.

L - ---- ~ -~~~~--- • - — - - - -~~ - 
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punping period , a good part of magnetic f lux puiped into the circuit

t~ii1ds up in the load inductor instead of the storage inductors

nanentarily , which will give rise to a high transient current in the

load . The Insert in Fig. 7 shows the dependence of the current in the

switches on the time ~~~stant . This transient current will result in

an energy loss of the systan through the power dissipation on the

switches. The requiranent for the time constant t for the fast

response of the systen is given roughly by the inequality i = L1/ R < 2 T ,

where T is the period of flux punping.

B. Discharging Period

Similar expressions to those in A are found and are

i = 1  — s + 61T 1 (19)
L 1 — s(sI-3/t) i

1 = 1  i = 
s4- 2/t 1 = 1 = 1  ‘20

a 1 2 ~ ( S4-3/t ) i b I

= I3~ 12 = 
S*3,/T 

1i (21)

where I
~ 

is the circulating current in the circuit before discharge.

Solving in the t ime dcinain ,

= 2I~ (1 — .~~ e 3
~”~) (22)

1a~~~b~~~c 3 ’i 2 ~~ 
(23)

iR ij e
_3t fn t (24 )

Eqs. (22) - (24) are plotted in Fig. 8 for different time

_ _ _ _ _ _ _ _ _  — -—~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-—~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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0.05 0.1 0.5 1 sec.

i/I l-
0.05

-r=0.05

I I

0.05 0.1 0.5 1 sec

Fig . 8 Discharging Characterist ics of S1UW~ Generator
for Differen t Values of T = L~/R -
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constants. It is seen that the current rise time In the load is

shortened by 1/3 of the am ple transfer schene. The Inser t in Fig . 8

s1x~vs the current thro ugh the switches in the discharging period . The

peak current to be handled by switches is equal to the initial current

I i .

In s~z~mary , the transient analysis reveals the following charac-

teristics of the SKRAM generator .

1) To prevent a transient lxiild-up of current in a load inductor

while the generator is being charged, the resistance of the

open switches must be high enough to satis fy the inequality,
= L.1/R < 2T , where T is the flux puiping period.

2) The discharging t ime constant of the generator is given by
l Ll

3) Po~~r dissipat ion and hence energy loss results fran the

tra nsient current in the switches and depends on t . The

peak voltage developing across the open ing switches in

discharge is VR = RI 1 , where R is the resistance of the

switches in open condition .

- .



aLAPr~B III

1. DesIgn Cunsiderat ion

(vie of the sinplest version of the rotating-magnet flux p~xrp is

shoMi in Fig. 9 . It consists of a cylindrical Nb sheet and magnets

of a few poles rotati ng about a concentric shaft to the sheet . The

poles of the magnets have the same polarity facing the sheet and

produce a magnetic field which is high enough to cause the super-

conducting Nb sheet to quench to the normal state over a amall region -

Superconduct ing wires are connected to the top and bottan of the Nb

cylinder periodically and grouped together to form the output terminal

of the f lux prp.

The operation of the flux punp relies on the principle of flux

conservation in a multiply-connected superconductor . Although an

exact theoretical prediction has not been successful yet , the

following set of equations has been formulated on the basis of phe-

ncznenobogical arg~znents for the enf and the loss of the flux

punp ,~
23

~
25

~

enf = nw (P—L~I) (25)

loss = nwL~I~ (26)

where n is the ntxnber of poles of the rotor, w the rotation speed

In rps , I the load current , P the flux per nonnsl spot , and L~

and are the effective inductance of the spot , and the effect ive

19
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Fig. 9 A Rotating-4~gnet Type Flux Piitp.
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current on the spot , respectively. }bwever , because of the

ocvplicated nature of the physics of the moving spot , those effective

quantities have not been quantitatively calculated.

A general idea on selecting a proper material su~~ests that a

thin superconducting foil of high resistivity at norn~l state has a

better performance than a sheet of low resistivity for high speed

operation. This is due to the fact that a moving normal spot on the

superconductor is distorted considerably as the material is thicker

and of lower resistivity. (28 )

2. Construct ion Details

The dimension of the Nb sheet cylinder must be designed so as to

be able to carry the design current . By a rule of thunb, the current

carrying capacity of a pure Nb sheet is estimated to be 10-15 kip/nrn

for 1 mu thickness. ~29) To secure an efficient operation at high

speed , a thin Nb foil of 0.4 mil thickness is wxind as a cylinder of

2.875” diameter , whose circiinference is 9”. The current carrying

capacity is then found to be around 1000 Nips. Twelve NbTI super-

conducting wires of 0. ~~~~
“ dia. are spot-welded on both edges of the

Nb foil. Fig. iO sI~iws the photograph of the un~~ ind Nb foil with

N~ff I wires spot-welded. Forming a cylinder with thin foil requires

a special consideration In select ing the structural materials. Fran

a series of tests with different material s, it has been found that

teflon and inicarta have significantly different them~ l contraction

ratios with each other at low tenperature . Therefore, the Nb foil is

al1~~~d to fit between the teflon and micarta rings, and when it gets

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 10 Photograph of the Un~~~nd Nb Foil
with NbTi Wires Spot-Welded .
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cold , the outside teflon ring shrinks inward to t ightly hold the foil.

Although It depends on many parameters such as its purity and

metallurgical process , the critical field of Nb is estimated to be

around 2 kG at liquid He teiperature. To provide the high magneti c

field needed to create the normal spots, ts~ ring type permanent

magnets made of Alnico V are inserted at the top and bottcin of the

rotor. Fig. 11 is a photograph of the rotors with various ntinber of

poles together with the ring type permanent magnets. A closed magnetic

return path is provided by a mild stee] sleeve outside the Nb foil

cylinder . The gap between the rotor and the stator is 20 mils. L~ie

to the magnetic flux loss of the pern~nent magnets during the assenbly

process, rei~gnet izat ion is necessary after xzipleting the flux p~rp

assenbly. ~br this purpose . t~o magnetizing coils have been added to

the actual design . By applying a peak current of 25 Nip to the coils

for 1 sec., a magnetic field of 4.6 kG is established in the gap.

Fig . 12 stx~ws the cross—sectional view of the f lux ptxip , and Fig .13 is

a photograph of the caipleted flux ptrp .

- -
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Fig. 11 Photograph of the Rotor s with Differe nt N*xther
of Pole Pieces, Together with Ring ‘1~rpe Permanent
Magnets.
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_____  Teflon Alnico V

(::~:::• .~ Micarta I I Mild Steel

(>‘c~~ Magnetizing Coil

Fig. 12 Cross-Sectional View of Flux PLIm .
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Fig. 13 Photograph of Qrpleted Flux P~mp Together
with Superconducting Storage Inductors.



F- 
_
~

- - 
~

_ - 

G{APFFR IV

1. Description of Eaperimental Apparatus

A. Prototype SKRAM Generator Systen

A prototype superconducting SKRAM generator is shown In Fig . 14.

Three storage inductors and one load inductor are made with NbTi super-

conducting wire ~~und on the altininum coil for~~ of 1” ID , 2” 00, and

1 
~~~
“ length. Each layer of the inductors has been lnpregnated in the

epoxy to provide the rigidity of the winding at low tenperature . The

inductance of each storage inductor is measured to be 18 nJ-I , and the

load inductance is 5.6 mH.

The schene of magnetic switching of the superconducting Nb strip

to normal state has been conceived for the superconducting switches.

The cross-sectional area and the length of the strip are to be designed

to meet the requirenents of the high resistance in the normal state

and the high current carrying capacity in the superconduct ing state.

For the design current of 20 Nip and the nonr~i state resistance of

0.1 olin, 0.5 mil thick Nb foil is cut Into 1/8” wide and 12” long

strips . Each strip is folded several t imes to fit into the hole of the

switching coils. Fig. 15 shows the close-up view of ~he supercon-

duct ing switches. One coil contains 4 strIps and the other coil

contains 2 strips , corresponding to the circuit diagram of Fig. 1

The magnet izing current in the switching coils is controlled by the

s~ r relay control circuit of Fig. 16 . In the charging period of the
27
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Fig. 14 Photograph of a Prototype Superconducting
S}~ AM Generator .
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Latch
5V

Reset
Q 50c~ 30c~ lc2

Set SN74279
2N5134

134 1oc~

27~ 50~ ~~~~Re1ay

• 1’~~ ’1
- -

Fig . 16 Relay Control Circuit
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generator , the latch ontput is maintained LCM to energize the relay ,

and the magnetizing current flows through the switching coil having 4

strips in it. For the discharge , the latch is set to HI(}I to release

the relay and the current is transferred to the other switching coil

with 2 strips. As soon as the magnetic field at the center of the coil

exceeds the critical field of Nb , the Nb strips becczne resistive and

the energy transfer takes place.

B. Instr~inentat ion

The quantities to be monitored in the experiments are 1) the

ta~perature inside the liquid He dewar, 2) the liquid He level , 3)

the magnetic field in the gap between the rotor and the stator of the

flux punp, 4) the enf of the flux pun-p and 5) the currents in the

storage and load inductors .

The tenperature is monitored with a transistor RCA 148 by

measuring the forward voltage drop across the enitter-basc junction

for lOiiA forward current , which has been calibrated against the

terperature sensing diode DRC_7*. It is found that the voltage drop

of the transistor has a good reproducibility below the liquid nitrogen

tenperature , and when it reaches the liquid He terperature, the junction

becmes a canplete open circuit . Several types of switching diodes

and carbon resistors have been tested , bit any of these does not have

such a good reliability as the transistor .

“Made by Lake Shore Cryotronics , Inc.

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _
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The liquid He level is measured with a liquid He level sensor and

Model 110 liquid He level meter made by the hnerican Magnetics , Inc.

The magnetic field In the gap of the flux ptxnp and the currents

In the inductors are measured with a transverse and an axial Hall

probes made by F. W. Bell, Inc. The transverse Hall probe has been

inserted in the gap during the assenbly process ol’ the flux pump. The

currents In the storage inductors and the load inductor are measured

by detect ing the magnetic field at the center of the Inductors with

separate axial Hall probes , Which have been calibrated with known

currents. Fig . 17 is a photcgraph of the transverse and axial Hall

probes together with a tenperature sensing transistor.

C. ~ cperimental Procedures

FIg . 18 shows the schenatic view of the apparatus put into the

liqu id He dewar. Before the cooling process, dry gaseous He is used

to purge out all the air inside the dewar to prevent the air fran

freezing around the bearing and the other moving parts. The latent

heat of the liquid He is as snail as 0.65 ca1/an3, caTpared to 38.6

cal/an3 for the liquid nitrogen. The specific heat of most of the

metal decreases as the terperature is lowered . Therefore , precooling

of the systen down to the liquid nitrogen tenperature precedes the

liquid He transfer by filling the outer dewar with the liquid nitrogen

and allowing heat transfer throngh the gaseous nitrogen layer between

the inner and outer de’wars. It takes about 4-5 hours to caipletely

• cool down to 77.3°K. Mter the precooling , the nitrogen gas layer 

~~~~- - - - • - -~~~ - - - --- ~~~~~~~--- ~~~~-- - -
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.1

Pig. 17 Axial and Transverse Hall Probes Thgether with
a Tenperature Sensing Transistor .

I.- 

~~~~~~~~~~~~~~~ ——~~~~ -_ _ _  —- •~~~-- - - - - •(  • - • -~~~~~ ~~~~~~~~~~~~~~~~~
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Fig . 18 A Scher~ tic Representation of ~ cperimentai Apparatus .
(1) Motor (2) Liquid He Dewar (3) Liquid Nitrogen
Dewa.r (4) Switching Coil (5) load Indu ctor
(6) Storage Inductor (7) Liquid He Level Sensor
(8) Flux P~znp.

_ _ _ _ _ _  _ _ _  _________
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begins to be evacuated. With a liquid nitrogen cold trap , the

diffusion jurp can pizip out the nitrogen gas &~vn to lO~~tor r within

2 bcxir s. Fig. 19 shows the photo graph of the dewar with the motor

Installed on top of it. The rubber stopper on the side neck is to

release the heavy pres sure arising fran the vaporizing helium. He is

transferred via vacuum -jacketed flexible transfer line made of stain-

less steel. The t ransfer rate is controlled by the press ure in the

liquid He conta iner , which can be adjusted with the external pressur-

izing gaseous He. About 3-4 lb of pressure is necessary to continue

transferring . Fig . 20 is a photograph of the liquid He t ransfer

process .

2. Measurenents

First, the flux pump was tested with one storage inductor to see

its perfoimance characteristics . The nor !nai spot size is 3.32 an2

and the magnetic field at the center of the spot is 4.6 kG . Fig . 21

shows an oscilloscope display of the magnetic field variat ion in the

gap (a) at roan tenperature and (b) at the liquid He terperature as

the rotor rotates. Observat ions have been made for different rotation

directions and it has been confirmed that the nonuniformity of the

magnetic field is not due to the geanetry of the pole face bit due to

the eddy currents Induced around the moving spot . With a rotation

speed of 120 rrrn, the current induced in the storage inductor reached

18 kp after 5 m m .  operation , and it showed a linear increase up to

110 ~~p, the critical current of the Nb’Fi superconducting wire. In

fact , the current increase in the storage inductor is a discontinuous

- _ _ _ _ _ _ _ _ _ _ _ _ _
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~

Fig. 19 Photograph of the Liquid He Densor ,
also Showing the Motor Mount and the
Pressure Release Rubber Stopper
Arrangenent

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  A
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Fig. 20 Liquid He Transfer
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(a) Ver. 1 mV/an , Ibr . 10 ms/an.

I-i

_ _  — ——

(b) Ver. 2 mV/an, Hor. 10 n~/an.

Fig . 21 The Ma gnetic Field Variat ion in the Gap while the Rotor
Rot ates . (a) At Roan Temperature and (b) At the Liquid• He Temperature.

—- -
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process, as is evident fran the oscilloscope picture of the en! of the

flux pump in Fig. 22. It is seen that the flux pumping occurs once in

every see., where n is the number of poles and w is the rota-

tion speed in rps . The en! was measured by AC voltmeter for different

rotation speeds as In Fig. 23. It shows a deviation fran the linear

Increase of en! at high speed range , owing to the degradation of the

moving nom~l spot at high speed operation .

After the f lux p’.up test , the entire SKRAM generator systan was

tested . Table 1(a) and (b) surrmnarize the ~ iarging and the discharging

test results. tXae to the snail current carrying capacity of the Nb

foil superconducting switches , the test was performed in the current

range of 10-20 Anp . The first three coltzmris in (a) shows the current

rise in both storage and load inductors While the flux pump was running

at 120 rIm , and the last tw columns are the currents approaching the

steady stat e after the flux pump stopped punping. It is seen that the

resistance of the Nb foil switches was not high enough to prevent the

transient b u d  up of current In the load inductor . In Table 1(b) ,

the current changes in the load inductor due to the switching are

shown at various situation . When the generator was discharge d just

after the flux pump stopped , the curren t amplificat ion obtained was

1.5. When the discharge was done after the systen reached steady

state , it approaches 1.8 which is very close to the theoretical pre dic-

tion of 2 . The difference of currents between the original value

and the value after the generator returned to the charging

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~ • • • • .
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Fig . 22 The en! of the Flux Pump at 80 rpn .
Ver. ~ nV/an. Ilor . 50 rm~ ec/a’n. 

iT •~~~~~~~~~~~~~~~~~
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en!
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FIg. 22 The en! vs. Rotat ion Speed , Measured
by AC Voltmeter.
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Flux Pump Runn ing After Charge U~

5 mm 8 min 10 mm 5 min 10 mm
I

(An;)) 6.59 9.72 12.22 9.09 7.84

I i
(Mp ) 5.03 6.37 7.70 7.70 6.70

I2/L~ 1.31 1.52 1.59 1.18 1.17

• (a) The currents in the load and storage inductors
dur ing the charging period , where 12 is the
load current and I~ is the current in the

- storage Inductors .

Before Return t(
Disc1m’g~ )ischarg~ 

Original A

Just After 10.97 16.59 8.47 1.51

• 
3 min.after 10.34 17.54 7.84 1.73

I0min .after 7.84 14.09 7.22 1.80

(b) The current anplificat ion in the load inductor
after the discharge.

Table 1. ~ cperimenta1 Results of the Charging and the
‘ Discharging ‘lest of the SKRAM Generator .

—

_______________________ 
- -  .-- - • —-——- —-- . - —•
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configuration resulted fran the power dissipat ion on the switches.

It was observed that for a flux pump rotation speed of 300 rpn , the

current rise in the load inductor was much faster than that in the

storage inductor. The discharge switching time was observed to be

around 10 n~ ec.

- -~~~~~ _ _ _  I _______________
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aIAr’rER V

DISCUSSIC~ AND (X~4CLUSIC}~S

The superconducting SKRAM generator is shown to be a feasible

schene to generate a high current out of the magnetic energy stored

in many inductors . Canpared to the simple inductive energy storage

systen . it has the following features .

1) The maxinun efficiency of energy transfer is 33%.

2) The current to be handled by the switches is less than

the current generated in the load inductor.

• 3) The discharge t ime is shorter by a factor of 1/n . where

• n is the number of the storage inductors.

• As shown in the transient analysis and the experimental test

results, the normal state resistance of the superconduct ing switches

determines the transient condition of the syst e’n not only in the

discharging period hot in the charging period . When the t ime

constant is too large canpared to the pumping period in the charging

period - a high transient current hoilds up in the load inductor, and

a good part of the energy is lost through the po~~r dissipation on

the switches. In the discharging period , it limits the fast delivery

of energy to the load In the prototype SKRAM generator, the Nb

strip switches could not be made to have a resistance higher than

0.1 olin due to the space limitation . Th increase the resistance of

the switches with a designed current carrying capacity , the length of

44
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the strips must be increased , which may be iimpractical in quenching

the superconductivity with a magnetic field in the solenoid . The

Nb wire ~ou1d be better than the strips in increasing the length

and also In renoving the fringe effect as present In the strip

switches. However, it is not crmnercially available yet . C~ e

suggestion is to make use of a thin film superconductor deposited

on a coaxial form , bit further study has to be made for the design

parameters , since the thin film superconductor has different

• characteristics fran the bulk superconductor .

The f lux pump built in this work has a good performance

characteristic up to 400 rpn rotation. To further improve the

efficiency at high speed , the idea of substituting a thin film of

Nb for the foil has been suggested. C~ e of the disadvantages that

the present design of the flux pump has is the high cost of Initial

cooling due to the heavy weight of the mild steel sleeve and the

other accessories used for the magnetic return path. If the electro-

magnets are substituted for the permanent magnets , the overal l weight

is expected to reduce substantially.

In the experimental procedures , precooling of the systen down

to the liquid nitrogen tenperature turned out to be a very Important

procedure to effectively make use of the liquid He in reaching the

superconducting state. The pressure in the vacuum layer between

the liquid He and the liquid nitrogen is to be ensured to be low

enough to provide a good then~~l insulation . 

~~~~~ — - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ,~~~~~~~ •— - ~. ~~~~~— • - - -- • •—~~~~~~—— -



APP~~DIX I

1. Charging Period

Referring back to Fig. 6(a) , the following set of simultaneous

equations is obtained in the frequency dcxnain for the charging circuit

of the SCRAM generator .

sL + 2R)11— sLI2— RI3
... RI5 — S ‘~‘ (I-i)

U1+(sL + R) 12 = 0 ( 1—2 )

—R11+ (sL + R)13— sLI4 = 0 ( 1—3)

• —sLI3+(sL + R) 14 = 0 (1-4 )

• —R11+ (sL + R)15 = 0 (1-5)

where L = L 1 .

Fran Eqs. (A-2 ) - (A-5), the relations between the loop currents

are found to be as

12
_ S ( 1—6)

1
S +—

I3 =~~~ —~~~~ I i (1-7)

14 = 
~ 

I
~ 

(I—a)
s+~~

• . 15 — .1 1 
1 I l (1—9)T s +_

where~~~~- L/R .
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Substituting Eqs. (A-6 ) - (A-9) into Eq. (A-i) , I~ is given by

(1-10)
S + -~ S +

I

In the t ime da~ .in , I~ is transformed into i1(t) as

0.6 t
i1(t)  = (1 + 8.9e ~ + 0.le ~ ) ( I — l i )

Applying the convolution theoren to Eqs. (A—6) - (A-9) , all the loop

currents can be obtained in the t ime th~~in as follows

-~~~~t
= ( b e  ~ — 0.15e ~ + O,OSe_t ’T ) (1—12)

8.4 0.6
i3(t)  = (l+9 .46e ~ — 0.65e I

+ o.ose
_ t,I+ 0~~~~~_t/2T) (1-13)

i.4(t) = i2(t) (1— 14)

i5(t) .
~~~~~ ~ (l—l.2e ~ + 0,25e ~

— O. 05e
_t l~T (1— 15)

2. DIscharging Period

A similar set of equat ions is thtained for the discharging

circuit of Fig. 6(b) .
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~ ~~~~~ ~~~2 = ~ ~~~ 
(1-16)

~~~~~ 
(aL + R) 12— RI 3 = —LI1 (1—17)

—R12+ (aL + R) 13— SL14 = 1
~
1i (1-18)

—sU3+ (sL + R) 14— RI 5 = —LI1 (1-19)

-R14+ (SL + R) 15 = LI1 (1-20)

where I~ is the persistent current around the circuit. Solving the

above equations simultaneously , it is found that

— s+6/ rI i — s(s + ~~
-

,
~
---

~~ I~ (1—2 1)

4/t 
~ 1222 s(s +~~/t )  I —

13 = s(s +~~/t) ~~ 
(1-23)

4~~~~ s(s + 3[t) i -

15 = 5(5 + ~~~~ ‘1 ~~—~~)

_______________________________________________ -4
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APP~~~IX II

A SOIEME OF YIG1 CURRENF C~~ ERATICT~ IN SUPEF(XMIX~TING MAC~~ 1’S

This is a brief note on a new schene of achieving a high current

generation in a superconducting magnet with a modif led version of the

S}~~AM generator . It is shown In Chapter II that the SCRAM generator

can obtain a maximiin current amplification of 1 + L1/1.2 when a

large number of inductors are enployed. By modifying the circuit and

charging the systen repetitively, it is shown below that the current

arplificat ion equal to the number of inductors can be attained .

C~ie more switch is added in shunt with the load inductor as

shown in Fig. 11-1 . The method of operation is the same as that in

the S~~AM generator except that the procedures repeat and the load

Inductor is not included in the charging path.

1) Close the switches S’s and open the switches S1
1 s.

2) The series of inductors are charged by the flux ptrp .

and a persistent current I~ is made to circulate

around the circuit .

3) The switches S1’s are now closed , and then S’s are

open .

Then the current Induced in the load inductor is given by the

condition of f lux conservation In the loop L ’ as

(12+ L1/fl) 1f1 = L111 (11—1 )

49
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Now, repeat the process 1) to 3) and after the j th iteration ,

the relation between the load currents at j th and (j_l)th iterat ion

is found to be as

~~ 
L1/n)IfJ 

= L111+ 
~~~~~~ 

(II —2 )

Fran the Eqs. (11—1) and (1 1—2), ‘fj is obtained as

I k
— “ n

‘f4 — r L — -—-v 
~i 

(11—3 )
k=l (n+r)

where r = /12 For j -~

I
~ 

= nI1 (11—4 )

Therefore, the final current increases n times greater than the

circulating current I~ in the storage inductor . The rate of

convergence to the final current I~ is determined by the ratio

n/(n + r) , which is always greater than 1 . For r > n

n/(n + r) < ~ and I converges to the final value I~ very f ast .

-~~~~~~~~— _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _



______________ — - -—  -- —~ —--—.- .~-,.— . ~~~~~~~~~~~~~ ~ ==— —~ •• ~~~-..,
.—‘—•——,—-—~-•==-.—~~~~~~~ -——— • 

. .~~~~~~~~ i~~~~
- —-

~~
’ - . 

. ~~~~~~~~~~~~~~~~ . • 
•

51

• 
_ _ _

Fig . Il-i Modified SKRAM Generator for High
On-rent hplif icat ion.
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~BAP~SR I

INT~ )DIJCrION

1. Problem Statement

Superconducting inductive storag e ha. been receiv ing much atten-

tion recently as developments have made it more economically attrac-

t Ive (1—4) One of the major goals of this work is construction of

various energy storage systems such as load leveling in power
(6) or pulsed power supplie s for devices requiring eithe r a

pulsed magnetic field as does the 0—pinch fusion wor k~
7
~ or an energy

pulse as does a pulsed laser system. It is to realize a pulsed power

supply utiliz ing both supercondu cting inductor s and capacitors that

this project is directed .

Several difficulties are encountered when an inductive storage

syatee is used for pul sed power applications . (8,9) Two of the major

problems are the efficient tran sfer of energy or curre nt into parti-

ally reactive loads and the difficulty in construction of fast acting

superconducting switches. (10) To overc~~e these problems a proposal

was made to use a 1u~~ed transmission line scheme involving one switch

to generat e a pulse with near ideal efficiency . (11)

• A diagram of a six section pulse generator of the tran is.ion

line type is shown in Figure 1. The major disadvantag e of this

system is that the energy storage rati ng of the capacitors must equa l

that of the inductors, thus the utilization of storage capacity is

1

-- •~~~~~~~~~ • •  _ _ _ _ _  _ _____ _ _ _  J
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sacrificed for the gain in ener gy efficiency over a simple inductor

schuss for loads • This trar ~~~l esion line schem offers more

control over the duration and voltage of the pulse than does the

simple induc tor . The advan tages of this syatem increase in those

cases where the load is mot purely resistive, the energy transfer

efficiency to a partially reactive load and the peak current for

a purely reactive load are higher .

The transmission line model pulse generator reta ins the simpli-

city of design of the single inductor storage scheme . It has all

passive components and retains the single switch operation , but

generates a square rather than exponentially declining pulse. With

modifications of the equal values of the inductors and the capaci-

tors along the line or modification of the output stage the pulse

shape can be varied.

2 • Selection of System Design

The transmission line model was decided upon after room t~~~era-

ture test of high impedance lines shaved that the pulse generated

was square and the energy transfer efficiency was near ideal. Improve-

ments on the line design through tapering into time limitad filte r

form was considered but because a larger percentage of the energy

storage capacity is not utili zed it was deemed a less desirable

choice for power application ..

• 
. Both of these approaches, transmission line model and time

limited filter model , offer a combination of versatility and simpli-

city. Versatility in that the pulse generated can be of any desired

L — • — _ _ _ _ _ _ __ _ _ _ _ __ _ _ _ _ __ _ _ _ _ __ _ _ _ _
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voltage, current and time length , within the physica l constraints of

construction. Simplicity in that all th. elements are passive com-

ponents and the pulse is generated with the operation of one switch .

With the versatili ty in voltage output of this system and recent work

being done with high voltages inside cryostats, (12) this system

should be capable of producing the voltage output of any pulsed power

supply .

Work has been done over the past fifteen years with discrete
(13)f lux pumps as demonstrated by Laquer, which are devices that

transfer magne tic f lux from a sour ce external to the cryostat into

a supercond ucting storage system. As the flux p~~p offers large

• current amplificat ion, reduction in the size of the leads into the

cryogenic system and reduces the power supply requirements for super-

conducting magnet or storag e systems, the pulsed power supply was

charged using a discrete flux pi~~~. To reduce the size of the flux

p~mç versus its power rating from the external source to the super-

conducting stor age system , a model with a higher cycling rate than

previ ous versions , which are typically one hertz or much less , was

built . The goal of the design was to demonstrate opera tion of the

flux pump at cycling frequencies comparable to typical alternating

current power sources. This would reduce power supply requirements

as the flux pump could then act as the inter face bebveen the dir ect

current superco nducting storag e or magnet system and the external

alternating current power source .
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C~~PTER XI

PULSE GENERATOR

1. Theory of Operation

The pulse generator design was based on classica l transmissio n

(14) ______line theory using lumped parameter components . For simplicity

the NTW model was used with six inductors as shown in Figure 2.

Except for the output stage , the system should pass any signal

presented to it as a transmission li ne with a speed determined by

the value s of the inductors and capacitors . The speed of propaga-

tion of a point on a wave along the line is I~~ seconds per section

where L and C are the values of the inductor s and capacitors respec-

tively .

A pulse is generated by realizing the initial condition in Figure

2 given by

A) I
l

_ X
2
_ I

3~~~
I4

I
5

_ I
6

I
O 

initial current (1)

B) V1 V2 V3 V4 V5 O volts (2)

These initial conditions represent in an ideal transmission line a

square wave which upon pro pagating first from right to left has been

reflected at the short . At the time the incident and reflected

sections of the wave exactly cancel each other’s voltage • the pul se

- 

• generators initial conditions are met. Starting from the initial

conditions, the leading edge of the square propagates into the load

5
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~

-

~
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while the trai ling edge proceeds right to left, is reflected by the

short and then into the load. Thus the load is pre sented with a pulse

of voltage (V L) given by

— l/2 X0Z0 (3)

where I~ is the initial current in the inductors and is the

characteristic impedance of the li ne given by

z0 — v ’i;;~
• 

. (4)

The factor of 1/2 in Eq. (3) comes from the initial current being

composed of two parts of a wave traveling in opposite directions. As

the pulse at the load begins at the initial time and continues until

the trailing edge reaches the load, the pulse lasts for r seconds

given by

T — 2n v’i~ seconds (5)

The equation for r is composed of n - the number of sections in the
line, v~~ - the number of seconds for a point on a wave to propagate

through one section and the factor 2 comes from the trailing edge of

the pulse traversing each section of the lin, twice before reaching

the load.

• I 2. Realizatic~ of the Pulse Generator

To realise the initial conditions necessary for the pulse gene-

• ra tor , a switch is added in paralle l with the load. As shown in

r~ —-._ — - — 4L ~~~~~~~~•__ -— ~~-—-- ---~~~-•-~~~~~~— -~~~~~~~--
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Figure 3 this switch when closed allows a constant curre nt to flow

through all the inductors with ne voltage on the capacitors. The pulse

is generated by opening the switch where upon th. system is as des-

cribed in section 2.1 at th . initial time.

The current source in series with the switch in Figur e 3 was

used in the initial demonstration of the principl es of the pulse

gener ator . A room temperature test using components as s)~~ n in

Fig . 3 and a mercu ry switch was performed to obtain th , output shown

in Figure 4. The high characteristic imp.dence of the line .

Z — 3x10fl was to overcome the internal resistance of the induc-

tors, 900 . The square block in Fig . 4 indicates the ideal pulse

from the generator. Results of the room t~~~eratu re test showed

that within the ideal pulse time period of 290 *seconds, apprexi-

mately 85% of the en.rg~ was delivered to the load. Of the re-

maini ng energy ten percent was delivered to the load in the tail of

the pulse and the rest was resistive losses inside the inductors.

The capacitor in parallel with the switch in Pig . 3 prevents

a 100% overshoot in voltage at the initiation of the pulse. If the

load in Fig . 3 is purely resistive, the output inductor would ini-

tially generate twice the pulse voltage V0 decay ing to V0 within

a time constant of one section of the line as shown in Fig . 4. If

the load of the pulse generator is purely resistive a simple .olu-

tion to increasing the match of line to load is to add the capacitor

• . CL . The capacitor increases the amount of energy contained in the

tail of the pulse generated. The optimum value of capacitanc e for

I

________ - ______ • -• --‘
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Figure 4. Output Pulse of the Room T~~~eratur e Pulse

Generator.
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CL to minimize both tail and overshoot is one half the value of the

line capacitors . In cases where the load is not purely resistive

the output stage must be designed to optimize the pulse shape for

the desired application .

3. Comparison of Sinql. Inductor Storat. to Pulse Generator

For three specific pulsed load requirements a comparison between

the single inductor stor age and the li~~ ed transmission line model

can be made. The first load requirement is that of efficient energy

delivery to a part ial ly inductive load . For the single inductor

• scheme shown in Figure 5 the energy delivered to the resistive part

of the load is given by

2 
____EL 

— 1/2 L11(  j~
-
~~~ ) (6)

where the initial stored energy in L1 is given by

— 1/2 L1I~ 
. (7)

A plot of the energy transfer efficiency of this system is

shown in Figure 6 graph I for various ratios of load inductor L2
to storage inductor L1. Also shown in Pig. 6 graph II is the

efficiency of a six section transmission line model pulse generator.

This graph is ideal in that it assumes the only loss of energy is

that of the output stag. inductor charging the load inductor and a

square pulse is produced by the r—a4ning sections of the line .

The pulse generator will also reach a higher peak current

~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~ — •~~~~~~~~~~~~~~ •
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into a partially inductive load as can be shown by th. second load

requirement considered, a purely inductive load . For the single in-

ductor storage scheme the Current in the load L3, with the initial

cur rent in th. stora g. induct or L1, will be

I — X
~ L1+L2 

• (8)

For equal values of L1 and L2 only 25% of the stored energy i. deli-

vered to the load . With the pulse generat or there will be a compar-

able inefficiency for the output inductor, but the wave action will

allow a peak current in the load equal to the pulse current . Also

after the initial voltage generated by the rising current in the

load , the load will act as a short reflecting the remaining part of

the pulse back into the stor age line . If the output switch is closed

at an appropriat e time, all the energy not lost from the outp ut stage

inductor or stored in the load could be recap tured in the super-

conducti ng loop.

The third load requirement to be considered ii that of a square

paver pulse. Shown in Figure 7 is the exponential decay curve of

either current in a single inductor or voltage in a capacitor being

discharged into a resistive load. The optia fit of a square pulse

for energy efficiency ii shown in the figure being derived from the

equation

I 

. 
- 

~~~~ (I0e
ta/T)2Rt — 0 (9)

where R is the load resistance snd r the time constant of the system.

- - . - •  -~~~~~~ - - ‘-- - -_
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The square pulse of . Sr seconds contains only 26% of the energy

stored in the single inductor or capacitor schemes . The transmission

line model pulse generaton because it generates a square pulse uses

100% of its stored energy to meet the load requirement while adding

only 50% unused storage capacity . For repetitive pulse generation

with this load requirement, the pulse generator req uires one half

the total storage capacity and one quarter the energy of a single

inductor or capacitor .

4. Design Criterion

From the basic design described , a specific appl ication requires

the following information :

a) Impedance of the load - .

b) Voltage to the load -

c) Duration of the pulse -

To meet these three basic criterion there are four variables

1) Inductance per section - I. ~
2) Capac itance per section - C0 .

3) Initial current - to
4) Number of sections - n.

The relationships that must be met by the design are

z — iL /C (10)
0 0 0

V — 1/2 1 Z • (11)
0 0 0

— 2n P tC  . (12)

-- ~~~-- . - - -~~ - - - -- - - -  
.1~ ~~~~~~~~~~~~~~ 
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With four variables and three constraints theoretically for any given

circumstance an infinite ni~~ er of solutions exist. There are prac-

tical restraints on each of th. four variables . The current in the

largest applicat ions cannot generate fields over 20 Tesla and the

inductor s and capac itors must be of realizable sizes and numbers.

There are restrictions on combinat ions of variables such as the vol-

tage in Eq. (11) cannot exceed several hundred kilovolts . The num-

ber of sections will normally be small though of a sufficient ni~~~er

for efficient generat ion , that is at least five . A line with a

larger n and several switches along the line could be used to generate

pulses of different lengths by using only part of the line .

As much work has been and is presently being done with super-

conducting inductors~
15

~ no discussion of them will be made in this

report . The capacitor s used in the experiment were chosen after

liquid nitrogen (73 I~) tests on several small capacitance types .

It was assumed that all oil filled or other capacitors containin g

liquids would riot work at the low temperatures. Tests with tanta -

lum electrolytic type capacitors showed a dielectric break frequency

of one kilohertz at 73°X. The tests on disc plate , polystyren e

and mylar capacitors were successful with only slight chan ges in

capacitance due to material contractions . Of these types • mylar

was chosen because it has the lar gest capacitance to size ratio.

The mylar capacitors used were standard manufactur e items and

demonstrated a 4% reduction in capacitance at 4. 2 K ,  liquid helium

t~~~er atu re.
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The remaining component of the pulse generator is the switch .

Work is being done to advance superconducting switch technology , but

it is the difficulty and expense of constructing fast acting switches

that prompted this design for a pulse generator that uses only one

switch. Two means of switching a superconductor to the normal state

are exceeding the critical magnetic field or raising the temperature

of the material.

Magnetic switches have the advantage of high speed being limited

only by electrical time constants in generating the critical field;

however , construction of a switch with a low critical field , be low

2 Tesla; sufficient critical current , above I
~
; and high normal

state impedance , greater than ten times the of the line can be

difficult. This is because those materials which have a low criti-

cal field, especially type I superconductors , have high electrical

conductivities in the normal state such as Niobium at 2xl08 U/rn and

because of their low critical current densities more bulk is need ed

to carry a given current . As type I superconductors carry all their

current in a surface layer , their use in high impedance switches

may be possible with switches made of thin films. The limit on

thin film type I switches would be the increasing critical field

as the films ar ~ made thinner ~~
6
~ raising the critical f i eld above

those easily generated .

Magnetic switching of high normal state resistance type II

superconductors also requires generation of high fields such as

Niobium-Titanium critical field greater than 10 Tesla. The therma l 

— --- - - —  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~..-~~—-----—--— -.- -- -—----
~
-- ,—— . ---- — — - -
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switching of a superconductor offer s ease in operating high impedance

and current switche s, but the therma l time constants slow switching

to the millisecond range. Placed in contact with or near the super-

conductor is a normal metal conductor through which a current is

passed generating heat and causing the superconductor to exceed its

critical temperature.117~ Design considerations for the pulse

generator output switch are -1) causing the entire switch to change

to the norma l state within a time period small compared to the pulse

length ; 2) thermal time constants in returning to the superconducting

state restrict repetition rate of generating pulses; 3) heat gene-

rated by the switch can cause a significant loss of helium , latent

heat of vaporization 2.6 Joules per milliliter , or a burden on the

refrigeration system.

A magnetic switch was the first choice for this project , the

switch was to use an etched thin film, 1 1.Imeter , of Niobium .

Niobium was chosen for its high norma l state resistivity, 5x10 9Q-m ;

high critical field , .2 Tesla, for type I superconductor ; and the

information readily available about its thin film characteristics.

A film with sufficient uniformity and size for the required etching

into a zigzag pattern 100 iimeters wide and 10 meters long was not

obtained. Therefore as a second choice a thermal switch employing

Niobium-Titanium alloy wire in a Cupro-Nickel matrix was con-

structed.

5. Generator Built and Performance

For a demonstration model of the pulse generator system an 

— - - -~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~ -~~~~ -~ ~~- -  - -~~~ - -
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impedance of 33~ was chosen for convenient voltage levels at low

currents and to allow inductors in the millihenery range with the

capacitors used. A pulse duration of 2 milliseconds was chosen for

ease of instrumentation and for a reasonable number of Sections in

the line , that is six .

The inductors were constructed of .2 millimeter Niobium -

Titanium wire to yield 5 millihenries. The six inductors were

u~ unted on two levels with Mu-Metal magnetic shielding between the

layers and the three inductors on each level orthogonal to one an-

other to minimize magnetic coupling. The capacitors were of mylar

dielectric type with a nominal capacitance of 5 pfarads. The metal

of the capacitors used was not superconducting which in a .ow im-

pedance line, below lfl1 may be needed.

The output switch was constructed on an aluminum former

identical to those of the inductors. Nichrome wire was wound on

the former with an epoxy coating to form a l0~2 heating element .

Over the nichroeie, .07 millimeter Niobium-Titanium wire in a Cupro—

Nickel matrix was wound to form a switch with a normal state resis-

tance of 600~2. A picture of the assembled pulse generator system

is shown in Figure 8 and a schematic in Figure 9.

The pulse generator was operated in the superconducting state

under a variety of loads both with and without capacitance in paral-

lel with the load. A diagram of an output pulse into a partially

inductive load is shown in Figure 10. The nonaquare shape of the

pulse is caused by the initial low resistance of the thermal switch

and relatively slow rise in its is~edance of 10~~ per second. This 
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Figure 9. Schematic of the Superconducting Pulse

Generator.
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Figure 10. Output Pulse of the Superconducting Pulse

Generator with a 400 and .7 mN Load . 
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results from the separate layers of heater and superconducting wire

in the thermal switch which was necessitated by the fragility of

the superconductor ’s insulation causing shorts in the switch during

construct ion. An uniform interweaving of the two types of wire with

the superconductor forming a bifilar was the preferred design but

could not be constructed with the materials and techniques available.

With the nonsquare pulses produced in the experiment , direct

detailed comparison of the generator ’s performance into the various

loads was not possible. Indirect comparison of the results can be

made of the pulses produced as shown in Figure 10. The pulse can

be analyzed by dividing it into three sections as shown in the

diagram. The rising edge is due to the slow rise in the resistance

of the output switch into which approximately 30% of the pulse ’s

energy is lost and the line current is reduced during this period

also by 30%. The second section , which is approximately 2 milli-

seconds in length, is a reflected wave generated by the changing

resistance in the first period producing a straight line in the

second section . The final section is the exponential tail similar

to that produced in the room t~~~erature tests. This section re-

sults from a combination of load and output stage mismatch and the

nonideal performanc. of a truncated tran ission line iix,del.

The pulse shown in Figure 10 had an efficiency of greater

than 60%, if the energy d.livsr.d to the output switch is included

the sffici.ncy rises to over 90% though the exact figure is unknown.

To c~~~are the pulse produc.d with various loads a wave factor was

_ _ _ _  —— -- A
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defined as the ratio of the voltage across the preceeding inductor

to that of the output inductor , given by the equation

V 5W.F. ( 13)
L6

with the voltages shown in Figure 2 just after the peak of the pulse.

At that point in th, pulse, the current should be declining uniformly

as the magnitud. of the reflected wave is falling. A poor match in

the load to the line ii evidenced by a low wave factor as demon-

strat.d in Figure 11 in which the resistive load is varied from 50%

to 200% of th, nominal imp dance of the line, 330 . Note that the

best line eatch was found to be a 400 load when data from the peak of

the pulse was used because the resistance of the output switch was

still low enough to effect the output stage, that is 3000 in the

switch.

In Figure 12 two graphs are shown , the first being the wave

factors for 400 load with capacitances up to 2.6 times the value

of the line capacitance of 5 ~~arads in parallel with the 400.

The graph II shows the effect of adding in series with the 400 load

a .7 millihenry inductance which is .14 of the line inductance L0.

These tWO graphs show by a smaller wave factor as the capacitance

in the load is increased that in the later part of the pulse the

wave action is reduced by the addition of capacitance to the output

stage. The capacitance was introduced to reduce the initial voltage

overshoot of 100% from the pulse generator . This turn on spike in
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Figure 11. Output Pulse Wave Factor for Various

Resistive Loads.
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Figure 12. Output Pulse Wave Factor with 400 I, and 400

H — + .7 aN , II, for Various Capacitance in the Load .

_____________________________________ A



—•—~~~~-- -~~~~~~- - , ~~~~~~~ - -  . - - ~~~
, - -- - . -

24

voltage of the pulse generator could be used to trigger a break-

down in a device in which case no capacitance would be desired in

the output stage.

The second point shown by the graphs (Fig. 12) is that a par-

tially inductive load, if the inductance of the load is small com-

pared to the line inductors, does not seriously degrade the wave

action or efficiency of the line. An oscillogram is shown in

Figure 13 that is typical of the type used to determine the wave

factors. The three traces in the figure are the voltage of the

load, top; the voltage of capacitor C5, middle; and the voltage

of capacitor C4, bottom, from which the voltages across L6 
and

• L
5 
are determined. The peaks in Figure 13 are displaced in time

with the expected displacement of l.6xl0 4 seconds per section

for propagation of a signal along the line.

L
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Figure 13. Oscillogram of the Superconducting Pulse

Generator Output.
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CHAPTER III

FLUX PUMP

1. General Considerations

To charge the inductors of the pulse generator a discrete

component flux pump based on the design of Laquer U.3) was con-

structed. The pump as shown in the Figure 14 operates in the

following sequence;

1) With switches Sl and S2 closed flux is introduced

to the transformer by an externally sourced currer.~t in the

primary coil.

2) Both switches Sl and S2 are closed forming a super-

conducting loop in the secondary in which the transformer flux

is trapped.

3) The external current in the primary is reduced to zero

or reversed inducing a current in the secondary such that flux

in the superconducting secondary loop is conserved .

4) Switch S2 is opened causing a redistribution of flux

between the secondary coil and the storage coil.

If the current induced in the secondary in step 3 exceeds the

current in the storage coil , the current established in both the

s.condary and storage coils in step 4 will be greater than the

initial current of the stor age coil. Thus current or its related

magnetic flux is pumped into the storage coil by this device .

• Since the development by Laquer , numerous models have been

26
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Figure 14. Basic Discrete Component Flux Pump

Schsmatic.
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built U8
20) 

including publications detailing the controlling

electronics .~~
2
~~ However most of these flux pumps cycled at slow

rates and used t)’ermal switches.U8Dl9) The flux pump for this

project was designed for high speed cycling, up to several kilo-

hertz. To obtain high cycling rates magnetic switches were re-

quired and a core of high magnetic permeability was used in the

switches to reduce the current needed for generation of a critical

field .

The advantage of the high cycling speeds is that for a given

size of transform, with the saturation magnetic field of the

transformer limiting the maximum energy transferred per cycle,

more power can flow through the flux pump. If the cyc-

ling speed is sufficiently high, a superconducting storage coil

or magnet can be charged directly from alternating current power

sources at 60 or 400 hertz , for example . This can greatly

simplify the power supply requirements for a superconducting

system as only controlling electronics for the switches is needed

external to the cryostat with no rectification of the power into

flux pump.

2. Flux Pump Built

A diagram of the flux pump built with sch~~atic specifica-

* tions is shown in Figure 15. The first of the two major components

of the flux pump is the transformer. The superconducting switches

• will be discussed second and the controlling electronics are 

- - •  
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treated in the following chapter.

The choice of material for the transformer core is a trade

off of relative permeability (Ur ) and saturation magnetic field

( B ) .  A high B yields a large number of ampere turns for satu-

ration given by

B 2wr
NI — 

U ampere turns (14)
o r

for a toroid of radius r. The materials such as iron which have

a high B also have high 
~~ 

which reduces the ampere turns needed

for a given field . The choice of pure nickel was made because

nickel has a low 
~r equal to 50 versus iron ’s 4 ,000 with B of .6

tesla for nickel versus 2 tesla for iron . The advanta~ c ~~ a

nickel core in high current applications can be shown ~y the satu-

ration ampere turns of a core of 5 centimeters nominal radius.

Using Eq. (14) a comparison of nickel and iron cores gives

3Nickel — 3 x 10 ampere turns,

Iron — 1.2 x 102 ampere turns .

The transformers built from nickel will have a larger leakage

flux than iron core transformers because the ~i of the nickel is
r

only 1% that of the iron.

For use in the flux pump, the high frequency limit of the

transformer , which is controlled by the induced eddy currents,

must be above the operating frequency of the pump. Therefore,

the core was constructed of .61 millimeter diameter nickel wire

with epoxy between the turns . The freq uency limit can be estimated

—---•—-- --.-•———-.
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as the frequency that yields a skin depth equal to the rad ius of

the wire used . This calculation is made using the equation

— 2
1 (15)

6 wpa

where f is the frequency, 6 is the skin depth . ~i is the magnetic

permeability and a is the electrical conductivity of the material.

For the nickel wire used , the limiting frequency is on the order

of 10~ hertz.

The transformer core was constructed by winding one continuous

length of .61 millimeter diameter wire with epoxy interlacing . The

primary and secondary coils were threaded through the center of

the core with the primary of 200 turns and the secondary of 2 turns

both of multifilamentry niobium-titanium wire.

The design of the two switches in the flux pump was based on

the application of a magnetic field to a type I superconductor.

Niobium was chosen for its critical field of .2 tesla and elec-

trical resistivity at the cryogenic tamperatures of .5 x l0 8cZ~

meters . A Mumetal core was used in the switches with the niobium

foil positioned in a 1 millimeter gap to reduce the magnetic re-

luctance of the switch and thus the power supply requirements to

generate the critical magnetic field to switch the niobium into

• ; the normal state. With a relative permeability of 20 ,000 for

Mumetal , all the reluctance in the switches comes from the air

• gap in which the niobium foil was placed . For a 1 millimeter

gap, the required magnetic field of .2 tesla is obtained with

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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NI — — ampere turns (16)U0

where & is the length of the gap. Numerically 150 ampere turns

is needed for switching compared with over 1O3 ampere turns for an

air core switch.

The high frequency operation of the switch can be limited by

the eddy currents induced in the core material limiting the pene-

tration rate of magnetic flux. The Mtmtetal used was in sheets

.4 millimeters thick , as the Mumetal. has an electrical conducti-

vity lower than nickel , the limiting frequency of the Mumetal

core will be higher than that of the transformer whose needed

penetration depth is great er .

The second possible limit on the switching rate was the power

supply used to drive the switches. The rise in current of the

switch coil was limited by

dl V
— — (17)

where V is the power supply voltage and L is the inductance of

the switch coil . For the switches built , the rate of current

rise was limited to lO~ amperes per second . This will establish . -

the maximum frequency of the switches and the flux pump at

3
• 

. F
ST 

< .L hertz (18)
S

• where I is the current needed to exceed the niobium critical
S
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magnetic field and F~~ is the frequency at which the flux pump

is stepped through the states listed in section 3.1.

The switches were constructed by rolling 2 centimeter wide

strips of Mumetal on a 1.5 centimeter former with epoxy between

each layer . The hardened core was cut to form a gap into which

a double layer of 1.3 x 10~~ meter thick niobium foil was placed.

The foil was spot welded to the multifilamentry niobium-titanium

wire used in the flux pump. Then the gap was compressed by a

threaded brass rod through the switch core to yield a minimum gap

with a uniform magnetic field.

The dimensions of the niobium foil were chosen to yield a

critical current greater than 20 amperes . This high secondary

current was needed because the low inductance in the flux pump

secondary , less than .5 phenries , requires a high current in the

seconda ry to store and tran sfer a reasonable amount of energy in

one cycle. For 10 amperes in the secondary there is an energy of

10~~ joules compared with the energy in the pulse generator at one

ampere of j oules. The normal state of the niobium foil was

S x 10~~0 yielding a time constant for the secondary of under 10~~

seconds which equals the minimum stepping t ime of the f lux pump .

3. Experimental Performance

The flux pump constructed was operated and did perform

• according to the theory derived by Laquer U3) with high frequency

fall of f of efficiency beginning at the expc~ted Stepping frequen cy

of 4 kilohertz. Two probl~~ts effected the experimental results ;

• -- — —• - - -•-
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first, the low coupling of the nickel transformer to the two turn

secondary of less than 20% , which yielded an energy tr ansfer eff i-

ciency under 4% ; secondly , the spot welds used in connecting the

niobium foil switches introduced a total of SOUQ , limited the secon-

dary critical current to 2 amperes and reduced the current established

in the secondary upon reduction of current in the primary , as a fully

superconducti ng loop was not established in the secondary.

The low coupling coefficient of the transformer was expected

from roost temperature tests with a six turn secondary having 40%

coupling. This same test verified the transform action up to 40 kilo-

hertz with the secondary open circuit voltage undiminished. The low

coupling rendered calculations of the eff iciency of the f lux pump,

based on energy into the primary, useless as they yielded results

that were less than 3% even at the most efficient cycling rates.

With a total secondary loop inductance of .3 phenries and

SOuQ in the spot welds of the switches, a time constant for the cur-

rent in the secondary of 6 milliseconds is obtained . This results

in a significant loss of flux in the secondary before the S2 switch

opens and flux is redistributed between the secondary and

storag . coils at the lower cycling frequencies. A graph of the nor-

malized efficiency of the flux pump versus stepping frequency is shown

in Figure 16, which shows the decline in efficiency at low frequencies

due to the SOpfl.

The currents needed to operate the switches were found to be
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.25 amperes resulting from the gaps in the switches being set as small

as nonuniformj tj es in the surfaces would allow. These current levels

resulted in the high frequency fall off in efficiency of the flux

pump shown in Fig . 16 being 4 kilohertz as expected by Eq. (18) .

Overdriving the switches to a current 50% higher than the value needed

for static operation increased the high frequency efficiency of the

flux pump as full power supply voltage was maintained on the switch

coils until after the current was above that needed for switching.

The decline in pump efficiency with the number of cycles run

is plotted in Figure 17 and is compared in Appendix A with that pre-

dicted by Laquer . The agreement shown in Appendix A between theory

and experimental results, when the effect of the SOpfl is allowed for ,

helps to verify the proper operation of the flux pump. 
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Figure 15. Schematic of Flux Pump Used in the Pulsed

Power Supply.
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Figure 16. Normalized Efficiency of the Flux Pump versus

Stepping Frequency.
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ThCLSA~D CYCLES RUN

Figure 17. Normalized Cumulative Pumping Rate of the

Flux Pump Versus the Number of Pumping

Cycles Executed .
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CHAPTER IV

EXPERIMENTAL SYSTEM

The two major parts of the pulsed power supply, the pulse

generator and flux pump, were interconnected as shown in Figure 18.

To operate the pulse generator , an electronic control system including

driver circuits was constructed. The control system had three basic

functions; first, to operate the flux pump to charge the storage

indcutors ; second , to open the output switch of the pulse generator;

third , to determine the current in the inductors and use this infor-

station to initiate the other two functions. A flow diagram of the

control system is shown in Figure 19.

The control of the flux pump was designed to be flexible by

use of a variable clock driving shift registers whose inputs were

switches located on the electronics control panel. The serial out-

put of the shift registers was used to turn on or of f the current in

the drivers of the transformer and the two magnetic switches of the

flux pump. All the driver circuits , including the one for the pulse

generator switch, had adjustable currents with the value of the

voltages and currents of the driven devices available. In the case

of the transformer a reverse demagnetizing current was optionally

available.

The driver circuit which opened the pulse generator switch

was a variable monostable controlled current source that was triggered

- H manually with a push button or by the automatic system. The automatic

37
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system, when engaged , started and stc~~~.d the flux pump and opened

or closed the pulse generator switch depending o~ the current level

inside the storage coils as determined by a hall probe located in one 
—

of the coils and connected to a digital gauss meter . The analog

voltage output of the gauss meter was compared to a preset voltage

level and if it was higher than the preset voltage, the flag circuit’s

output was set to its high state. The flag was a signal available

to stop the flux pump, trigger the pulse generator or a combination

of both when its output was in the high state.

The outputs obtained from the pulse generator and used as

data in Chapter II made use of the fully automatic operation of the

pulsed power supply . The flux pump was operated at a 2 kilohertz

stepping frequency until a current of .1 amperes was obtained in the

storage coils whereupon a pulse was generated and the process re-

peated. For data used in Chapter III on the flux pump, no pulse was

generated ; the f lux pump was driven until the preset current level

was reached and then stopped.

The driver circuit’s fina l stages were dar lington transistors

limited to 1 or 2 amperes in the different circuits and capable of

allowing a 10 volt drop across the coils or heater. This voltage

formed the limit of the charging speed of the flux pump switches at

l0~ ~~~eres per second and limited the thermal switch power to 10

watts. The gating electronics and shift registers were C-Mos digita l

ccmponents using the seme power supply as the driver circuits. An

- FET op—amp, to reduce loading effects on the gauss meter , was used in

~ 
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the flag circuit to compare the current level in the pulse generator

to th . preset level.

The superconducting experiment was conducted in a .1 meter

di .ter glass dewar with a vacuum jacket . Surroundi ng the experi-

snt was radiation shieldi ng and liquid nitr ogen filled shields . This

allowed running the exper iment for up to five hours after filling with

liquid helium. Precooling before filling with liquid helium was done

by a combination of radiation and convective cooling from the liquid

nitrogen filled shields.

-_ _-—
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CHAPTER V

CONCLUSION AND DISCUSSIONS

1. Discussion of- Results

The first objective of this project , to demonstrate high effi-

ciency in pulse generation from superconducting inductors with one

switch and all passive components, was realized. An efficiency of

over 60% to the load was shown with the output thermal switch reducing

this value from the near 100% efficiency demonstrated in the room

temperature version of the pulse generator . It was also shown that

modification of the edges of the pulse is possible by varying the

components in the outp ut stage of the generator. The transmission

line scheme used as discussed and demonstrated experimentally retained

high efficiency over a variety of loads including inductive loads .

The main disadvantage to this approach of pulse generation is

the large amount of capacitance needed to implement the design. Equa l

amounts of energy storage capacity are required of the inductors and

of the capacitors; however , only the inductors initially store energy.

The result is a 50% utilization of the energy storage capacity of the

line, which is compensated for by the increased efficiency of pulse

generation for certain load requirements. Under those conditions

discussed in section 2.3, the pulsed power supply, including energy

source , based on the transmission line scheme can be more economical

than a single inductor storage and discharge scheme. Specifications

• on the load requirements and constraints on the energy source must be

42
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known for a design choice between the two schemes.

The use of the system built with an improved output switch offers

versatile design parameters of output current , voltage and power.

Superconducting wires offer the possibility of currents up to hundreds

of kiloamperes and work is being done on handling voltages in the

hundred kilovolt range inside the cryogenic environment .

The flux pump built for this project adds one new feature to the

list of advantages of a discrete flux pump, which includes small

current leads and generation of high current , over direct charging

of superconducting coils; the new feature is high speed cycling.

• The transformer of this flux pump could be run directly from alterna-

• ting current sources of up to 2 kilohertz with only timing circuitry

for control of the switches external to the cryostat. The construc-

tion of this type of flux pump for slow cycling speeds was discussed

in detail by Bernat et al.~
2
~~ whose pump includes a two inductor

secondary system.

2. Work to be Done

The most needed improvement to this system is the construction

of a faster acting output switch. The flux pump switches switched

cleanly when turned on and off at 10 kilohertz; however, their low

normal state resistance, 5in1~, makes them inapplicable for the output

switch. Also a better method of joining the niobium foil to the

superconducting wire to reduce the resistance of the joint below the

pohm range is needed for the flux pump switches to form better super-

conducting loops. As stated earlier , a promising prospect for high

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _
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impedance magnetic switches may lie in thin films on which much work

is being done.~
22 27

~ These references give an introduction to the

many and varied problems that will be encountered in development of

thin film magnetic switches.

The second major area to be studied is the design of the pulse

generator line. This, to identify and test more options in the trade

off of capacity utilization and energy transfer efficiency, such as

tapered lines of the form of time limited filters. (28) Or, to make

modifications in the line that would change the shape of the pulse

by use of different inductor-capacitor relations and arrangements

than the transmission line scheme .
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APPENDIX A

Comparison of Experimental and Calculated Pumping Rates

From Laquer ’s analysis of the discrete flux pump~~
3
~ the flux

established in the storage coil af ter one cycle will be

Load — Ax (19)

where

A I L (20)
secondary secondary

just after reduction of primary current and

• — 
L +L 

(21)
secondary Load

with subscripts referenced to Figure 14. After the second pumping

cycle the flux is

2
‘
~Load 

A (x+x ) (22)

and after n cycles

nn x-x
°Load A ( j  ) .  (23)

To compare the theory with the data used in Figure 17, calcu-

lation of for two of the data points and comparison of the nor-

malized pumping rates with that of the experiment is made. For the

flux pump built the value of x is

48
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X 
28.6 mH + .3~H 

— .999989 5 . (24)

The two data points used were at 7911 and 16,082 cycles with the

relative pumping rate given by

n n +l
‘1Load n1 (x-x 2

— 
_________ -— (25)n n+1

Load n2 (x-x In 2

and the calculated relative pumping rate equal to .96. This compares

with the experimental rate of .94 ; however , the current lost due to

the flux pump switch spot welds must be accounted for in a compari-

son. Between the two data points was 32 seconds of pumping with

the average time constant

28.6 inN 3 -= = 1.9 x 10 seconds (26)

yielding a 2% drop in current . Thus the experimental and calculated

relative pumping rates agree with the 2% drop in current during the

pumping .
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